Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) is a cyclic nitroamine that is one of the most powerful and commonly used military explosives. RDX has contaminated soils and groundwater at army ammunition plants and other military sites through its manufacture, use on testing and firing ranges, and disposal (22) . RDX is a toxic compound that affects the central nervous system of laboratory animals, causing convulsions (10, 37) , and it has been proposed as a possible human carcinogen (38) . Information on the environmental factors that determine the transport and fate of RDX in soils is needed to accurately assess the risk posed by RDX and to ensure the sustainability of live-fire training exercises.
Anaerobic biodegradation of RDX has been extensively studied (1, 6, 21, 23, 25, 26, 29, (42) (43) (44) (45) . McCormick et al. (29) proposed a pathway where RDX undergoes sequential reduction of the nitro groups to form hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine; hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine; and hexahydro-1,3,5-trinitroso-1,3,5-triazine. According to the proposed pathway, this transformation then produces formaldehyde, methanol, hydrazine, and dimethyl hydrazine. Hawari et al. (23) proposed another pathway where ring cleavage occurs before sequential reduction, producing the metabolites methylenedinitramine and bis(hydroxymethyl)nitramine.
Although most of the initial strains isolated could only degrade RDX anaerobically (25, 32, 41, 42) , several pure strains have subsequently been isolated that aerobically degrade RDX as a nitrogen source. Binks et al. (8) isolated Stenotrophomonas maltophilia PB1 and tentatively identified an RDX metabolite as methylene-N-(hydroxymethyl)-hydroxylamine-NЈ-(hydroxymethyl)nitroamine. Rhodococcus sp. strain DN22 was isolated by Coleman et al. (12) and was found to produce nitrite as a metabolite. Fournier et al. (19) found that DN22 also produces the metabolites ammonia, nitrous oxide, formaldehyde, carbon dioxide, and a dead-end product with a molecular weight of 119 that was later identified as 4-nitro-2,4-diazabutanal by Bhushan et al. (7) . Fournier et al. (19) also proposed a pathway for aerobic RDX degradation in which denitration occurs, followed by spontaneous ring cleavage. Further experiments determined that the enzyme responsible for the degradation of RDX by DN22 is a cytochrome P450 enzyme (7, 13) . Rhodococcus rhodochrous strain 11Y, which was isolated by SethSmith et al. (33) , was found to produce the metabolites nitrite, formate, and formaldehyde. Seth-Smith et al. (33) also identified the gene responsible for RDX degradation as a cytochrome P450-like gene, xplA, and reported that the mechanism of action was initial denitration, followed by spontaneous ring cleavage and mineralization. In this study, we report on the isolation of two bacteria that, unlike all previously described bacteria, degrade RDX aerobically as a sole carbon and nitrogen source. These bacteria are able to mineralize RDX when used as a source of carbon, nitrogen, or carbon and nitrogen. Their unique metabolisms, ease of culture, and rapid growth make these strains excellent models for the basic genomic and proteomic studies required phase column (100 by 4.6 mm; particle size, 5 m) was used as the primary column along with an ODS-Hypersil C 18 guard column (20 by 4.0 mm; particle size, 5 m). The system operated at 39°C at a flow rate of 1.5 ml/min with 68% (vol/vol) of the mobile phase, consisting of 20 mM NH 4 Cl, and 32% (vol/vol), consisting of a methanol/butanol mixture (98:2 vol/vol).
Metabolite analysis. Samples (each, 200 l) taken from growing cultures and resting cells were filtered to remove cells with 0.45-m Target PTFE syringe filters (National Scientific, Duluth, GA). Filtrates were analyzed for nitrite using the Griess Reagent system (Promega, Madison, WI) according to the manufacturer's instructions. Formaldehyde was analyzed colorimetrically with the Hantzsch reaction (30) . Briefly, samples were treated with an equal volume of acetylacetone reagent (2 M ammonium acetate, 0.05 M acetic acid, and 0.02 M acetylacetone), mixed, incubated at 60°C for 10 min, and read at 412 nm on a UV-1601 spectrophotometer (Shimadzu Corporation, Kyoto, Japan). Nitrous oxide was monitored by analysis of headspace samples (100 l) using a Hewlett-Packard 5890 series II gas chromatograph equipped with a thermal conductivity detector and QPlot column (15-m length, 0.5-mm internal diameter; Restek Corporation, Bellefonte, PA) that was held isothermally at 35°C. Helium was used as the carrier gas at a flow rate of 2.2 ml/min. The injector and detector temperatures were 35°C and 200°C, respectively, and the injector was operated in splitless mode. 4-Nitro-2,4-diazabutanal was analyzed by HPLC under the same conditions described previously.
[U-14 C]RDX tracer study. Cultures were set up in sterile 125-ml serum bottles containing 55 ml of MSM2 with the addition of carbon sources or (NH 4 ) 2 SO 4 when applicable. [U-
14 C]RDX was added at a final concentration of 5,000 dpm/ ml. Unlabeled RDX was also added to reach a final RDX concentration of 180 M. A glass tube containing 1 ml of a 1 N KOH solution was inserted into the culture bottle to absorb 14 CO 2 . The bottles were sealed with Teflon-coated butyl septa and crimped with aluminum caps. The KOH solution was removed daily, added to 15 ml of Ultima Gold scintillation cocktail (Perkin-Elmer, Boston, MA), and counted on a Beckman Coulter (Fullerton, CA) scintillation counter. To perform 14 C mass balances, aqueous samples that included cells (100 l; unfiltered) were also taken daily and counted in the same manner.
Determination of cell growth. Cell growth was monitored by protein concentration using the Coomassie Plus Protein Assay kit (Pierce, Rockford, IL) according to the manufacturer's specifications with bovine serum albumin as a standard. Additionally, growth was measured by OD 600 values with a UV-1601 spectrophotometer (Shimadzu Corp., Kyoto, Japan).
Identification of isolates. DNA was extracted from each isolate using the QIAGEN (Hilden, Germany) DNeasy tissue kit as instructed by the manufacturer. The 16S rRNA gene was PCR amplified with 27f (17) and 1492r (40) primers by standard protocols (3) . PCR products were purified with Microcon 100 spin columns (Millipore, Billerica, MA). Amplified DNA was quantified with the Picogreen dsDNA quantitation assay by Molecular Probes (Eugene, OR). The purified PCR products were sequenced with an ABI 3100 Genetic Analyzer (Foster City, CA) using the Big Dye sequencing kit (Perkin-Elmer, Boston, MA), according to the manufacturer's specifications. The sequencing primers were 27f, H complement (1075f), H (1075r), G complement (790f), and G (790r) (5, 27, 31) . National Center for Biotechnology Information BLAST database searches were performed to determine 16S rRNA gene sequence homology.
The 16S rRNA gene sequences determined above were aligned with 16S rRNA sequences from selected species within the suborder Corynebacterineae. Sequences of the reference strains were obtained from the GenBank/EMBL database and initially aligned with the Ribosomal Database Project, release 8.1 Sequence Aligner (11) . In preparation for input to PHYLIP phylogenetic analyses (18) , all 27 sequences were uniformly truncated to begin at position 32 and end at position 1501, corresponding to positions in the 16S rRNA sequence for Escherichia coli (9) , and further manually aligned to 1,463 bp. The DNAPARS program of the PHYLIP package was used to estimate an unrooted phylogeny by the parsimony method, and the DRAWGRAM program was used to construct the phenogram initiated with the Dietzia maris sequence.
Total cellular fatty acids were analyzed by MIDI Laboratories using the Sherlock Microbial Identification system (Microbial ID, Inc., Newark, DE).
Nucleotide sequence accession numbers. The nucleotide sequences from the 16S rRNA genes of KTR4 and KTR9 were deposited in GenBank (http://www .ncbi.nlm.nih.gov/GenBank/) and given the accession numbers DQ068382 and DQ068383, respectively.
China Lake Naval Air Warfare Center Weapons Division was used as the inoculum in mineral salts medium with RDX as the nitrogen source. This soil has been shown to degrade RDX and CL-20 under aerobic conditions (16) and anaerobic conditions (F. H. Crocker, K. T. Thompson, J. E. Szecsody, and H. L. Fredrickson, unpublished data). RDX was not detectable in enrichment cultures after 8 days. After the enrichments were transferred twice, the disappearance of RDX occurred at a faster rate, with no RDX detected after 6 days. Seven different colony types were isolated from the 5% PTYG agar plates. Two of these, strains KTR4 and KTR9, were found to degrade RDX. KTR4 formed smooth, pink colonies and KTR9 formed smooth, orange colonies on complex media. Cells of KTR4 were coccoid shaped, and cells of KTR9 were short rods. Neither strain formed granules or clumps when grown on RDX in liquid medium. Both organisms were found to be gram-positive, aerobic, oxidase-negative, catalase-positive, and nonmotile bacteria. Identification of KTR4 and KTR9. Nearly complete sequences of the 16S rRNA genes of strains KTR4 (1,487 bp) and KTR9 (1,488 bp) were determined. The results of the BLAST search indicated that the sequence of KTR4 was 99% similar to Williamsia muralis and the 16S rRNA gene sequence of strain KTR9 was 99% similar to that of Gordonia terrae. The relationships of the 16S rRNA gene sequences of KTR4 and KTR9 to those of 16S rRNA gene sequences from selected species within the suborder Corynebacterinieae are shown in Fig. 1 . The sequence of strain KTR9 clustered on a branch containing a Gordonia terrae sequence. Strain KTR4 clustered with Williamsia muralis and Williamsia maris strains at a similarity of 99% and 97%, respectively. Comparisons of the total cellular fatty acid profile of KTR4 to the environmental database matched most closely to that of Nocardia asteroides with a similarity index of 0.634. KTR9 matched most closely to Gordonia sputi with a similarity index of 0.903. Tuberculostearic acid (D-10-methyloctadecanoic acid) was a major component of the fatty acid trace of each organism, with strain KTR4 containing 20% of this fatty acid and strain KTR9 containing 12%. The level of tuberculostearic acid present in strain KTR4 is consistent with levels found in other Williamsia species, while Gordonia species have been found to contain less (24) .
Physiological characterization of KTR4 and KTR9. Strains KTR4 and KTR9 grew aerobically at the expense of RDX as their sole carbon, nitrogen, or carbon and nitrogen source (Fig. 2) . RDX removal from the culture medium was followed by HPLC analysis. KTR4 degraded RDX faster when it was used as a nitrogen source (half-life ϭ 0.89 days) than when it was used as a carbon source (half-life ϭ 1.14 days) or as a carbon and nitrogen source (half-life ϭ 1.16 days). Degradation of RDX by KTR9 also occurred fastest when RDX served as the nitrogen source (half-life ϭ 0.63 days) than when it was a carbon source (half-life ϭ 11.20 days) or a carbon and nitrogen source (half-life ϭ 1.07 days). Neither organism was able to degrade the explosive CL-20 as a nitrogen source at a concentration of 8 or 23 M. Control experiments were performed on each strain to determine if CO 2 or N 2 from the atmosphere was being used as a source of carbon or nitrogen. Cells were given (NH 4 ) 2 SO 4 as the nitrogen source without the addition of a carbon source, and no growth was observed. Alternately, cells were given glucose, glycerol, and succinate as carbon sources without the addition of a nitrogen source. This also resulted in no growth of either strain (data not shown). It was determined from these experiments that strains KTR4 and KTR9 were not able to grow in the absence of an added carbon source or the absence of an added nitrogen source.
Cell growth was monitored by protein levels in the growth medium (Fig. 2) . KTR4 grew to a final protein concentration of 21.8 g/ml, 30.7 g/ml, and 18.6 g/ml (OD 600 values of 0.66, 1.06, and 0.64) when RDX was the nitrogen, carbon, or carbon and nitrogen source, respectively. Growth of KTR9 was slightly less under similar growth conditions, with the final protein concentrations reaching 18.9 g/ml, 25.5 g/ml, and 16.5 g/ml (OD 600 values of 0.58, 1.04, and 0.74). Growth yields based on the amount of carbon or nitrogen added to growing cultures are listed in Table 1 . Yields with respect to carbon were lowest for both strains when glucose, glycerol, and succinate were added as carbon sources, indicating that there was an excess of carbon present. Similarly, the yields with respect to nitrogen were lowest when (NH4) 2 SO 4 was added in excess. Both strains produced slightly more biomass based on nitrogen content when glucose, glycerol, and succinate were added as carbon sources and RDX was the nitrogen source than when RDX served as the carbon and nitrogen source. In this case, the nitrogen content stayed the same (180 M One key difference between KTR4 and KTR9 was seen in the RDX degradation rate when RDX was used as a carbon source and (NH4) 2 SO 4 was added. With KTR4, degradation occurred 22% more slowly when RDX and (NH4) 2 SO 4 were added than when RDX served as the sole nitrogen source. But with KTR9, there was a 94% decrease in degradation rate under the same conditions (Table 1) . Also, the growth yield with respect to carbon was lower for strain KTR9 (47.14 g protein/mol of C) than the yield observed for strain KTR4 (56.93 g of protein/mol of C) under the same conditions ( Table 1) .
Rates of RDX mineralization were monitored by determining the rate of formation of 14 CO 2 from [U-14 C]RDX. Both isolates were able to mineralize RDX (Fig. 3) with KTR4 mineralizing 28% with RDX as a nitrogen source, 21% with RDX as a carbon source, and 30% with RDX as a carbon and nitrogen source. With KTR9, 21% was mineralized with RDX as a nitrogen source, 10% with RDX as the carbon source, and 27% with RDX as a carbon and nitrogen source. The low mineralization rate of RDX by KTR9 with RDX as the carbon source was consistent with the slower rate of RDX degradation by KTR9 under similar conditions. After 10 days of growth, KTR4 contained 60%, 70%, and 61% 14 C in the aqueous phase (including cells) when RDX was the sole nitrogen, carbon, or carbon and nitrogen source, respectively. In the case of 14 C remained in the aqueous phase after 10 days.
Metabolite identification. Actively growing cultures were monitored for the production of nitrite, formaldehyde, and nitrous oxide, which have been determined to be metabolites of aerobic RDX degradation by Rhodococcus sp. strain DN22 (19) . Nitrite and nitrous oxide production was below the detection limits of 2.5 M and 6.8 mM, respectively, and formaldehyde was detected at very low concentrations and quickly disappeared. To promote the accumulation of these metabolites, resting cell studies were performed with washed cells suspended in phosphate buffer and 180 M RDX. Under these conditions, formaldehyde was produced by both isolates, with strain KTR4 producing 27.3 M in 30 h and strain KTR9 producing 41.6 M in 6.5 h (Fig. 4) . Formaldehyde was not detectable in either culture after 72 h of incubation. Very little nitrite was produced under resting cell conditions, so (NH4) 2 SO 4 (1 mM) was added to prevent nitrite utilization, with the expectation that the cells would use ammonium over nitrite (19) . Under these conditions, strain KTR4 produced 58.0 M of nitrite in 65 h and strain KTR9 produced 86.1 M of nitrite in 78 h (Fig. 4) . Nitrous oxide was not detected above its detection limit of 6.8 mM under any of these culture conditions.
An unknown peak was detected by HPLC that appeared to increase as RDX was degraded. This peak eluted at 0.82 min, which is earlier than RDX (retention time of 2.3 min). This unknown metabolite was compared to a compound identified as 4-nitro-2,4-diazabutanal, which is a soluble metabolite produced from RDX degradation by Rhodococcus sp. strain DN22 (7) . A standard of this compound was analyzed by HPLC and found to elute at the same time as the unknown metabolite. In addition, the UV absorption spectra of the unknown metabolite and 4-nitro-2,4-diazabutanal were similar (data not shown). This compound was not degraded by strains KTR4 and KTR9 during growth experiments and resting cell studies. Strain KTR4 produced 148.9 M of the metabolite in 72 h and strain KTR9 produced 145.6 M in 30 h as a result of RDX degradation (180 M) by actively growing cultures (Fig. 4) . This metabolite was produced in similar amounts regardless of whether RDX was used as the sole nitrogen or sole carbon source or as the nitrogen and carbon source. RDX degradation by Rhodococcus sp. strain DN22 and Rhodococcus rhodochrous strain 11Y also produced 4-nitro-2,4-diazabutanal. In our laboratory, R. rhodochrous strain 11Y produced a concentration of this compound of 158.7 M and Rhodococcus strain DN22 produced 134.6 M from 180 M RDX. No other metabolite peaks were detected by HPLC as a result of RDX degradation by strains KTR4 and KTR9 or by Rhodococcus sp. strain DN22 and R. rhodochrous strain 11Y.
DISCUSSION
Williamsia strain KTR4 and Gordonia strain KTR9 are among the first bacteria isolated that degrade RDX aerobically. Most previous work has focused on anaerobic degradation using inocula such as activated sludge (29) or explosive-contaminated soil (25) . This study used surface soil that did not contain detectable levels of explosive contamination via HPLC analysis. Initially, the objective of this study was to isolate aerobic bacteria that degraded RDX as a source of nitrogen. The ability of these strains to degrade RDX as a sole source of carbon and nitrogen was also explored. Both of these studies were successful, resulting in the first report of aerobic bacteria able to use RDX as a sole carbon and nitrogen source. Other aerobic RDX degraders such as Rhodococcus sp. strain DN22 (12) and Rhodococcus rhodochrous strain 11Y (33) this ability would only be present in a methylotroph because RDX is a one-carbon substrate. These strains degrade RDX slightly slower than the recently published Rhodococcus sp. strain DN22 (12) and R. rhodochrous strain 11Y (33) . While using RDX as a nitrogen source, Rhodococcus sp. strain DN22 degraded 160 M in 20 h and R. rhodochrous strain 11Y degraded 250 M RDX in 21 h. Strains KTR4 and KTR9 degraded 180 M within 48 h when RDX was the nitrogen source and within 72 h when RDX was the carbon and nitrogen source. When RDX was used as a carbon source with (NH 4 ) 2 SO 4 as the nitrogen source, strain KTR4 degraded 180 M in 96 h while strain KTR9 degraded only 80 M in 240 h. This inhibition of RDX degradation when ammonium is present has also been observed with Rhodococcus strain DN22 (12) , Acetobacterium paludosum (35) , and three strains of Corynebacterium (41) .
RDX mineralization by other strains is higher than what was seen with strains KTR4 and KTR9. Rhodococcus sp. strain DN22 (19) mineralized 30% in 4 days while using RDX as a source of nitrogen and Methylobacterium sp. strain BJ001 (39) mineralized 58% in 40 days through the cometabolism of RDX. Strain KTR4 mineralized 29% when RDX was the nitrogen source and 30% when RDX was the carbon and nitrogen source, while KTR9 mineralized 21% with RDX serving as the nitrogen source and 28% when serving as carbon and nitrogen source after 10 days of growth. These slightly lower levels of mineralization could be due in part to 14 C-labeled metabolites remaining in the aqueous phase. The aqueous 14 C data reported (Fig. 3) for strains KTR4 and KTR9 included cells that could contain 14 C as biomass. It has been conclusively determined that both strains are using RDX as their source for carbon and nitrogen, since neither can grow in the absence of an added carbon source or nitrogen source.
The compounds nitrite and formaldehyde were detected in this study as metabolites from RDX degradation by resting cells of strains KTR4 and KTR9. These metabolites have also been reportedly formed from RDX degradation by Rhodococcus sp. strain DN22 (19) and R. rhodochrous strain 11Y (33) . RDX degradation by strain KTR4 produced 0.32 mol of nitrite per mol of RDX and strain KTR9 produced 0.48 mol of nitrite per mol of RDX before it was quickly consumed by the cells, while Rhodococcus sp. strain DN22 reportedly produced 2 mol of nitrite per mol of RDX (19) . The smaller amounts of nitrite measured in our study could be due to its uptake by the resting cells. We did have difficulty in accumulating enough nitrite to measure and therefore added (NH 4 ) 2 SO 4 to inhibit its uptake by the cells. However, nitrite production was still followed by rapid consumption by the cells, so some amount of uptake may have occurred when nitrite measurements were taken. The formation of formaldehyde was also followed by its degradation, probably through mineralization to CO 2 .
The formation of a third metabolite, 4-nitro-2,4-diazabutanal, occurred in growing and resting cells as a result of RDX degradation. This compound, unlike nitrite and formaldehyde, was stable in all of the cultures and therefore is concluded to be a dead-end metabolite. This compound was produced by strain KTR4, strain KTR9, Rhodococcus sp. strain DN22, and R. rhodochrous strain 11Y in similar concentrations. The ratio of 4-nitro-2,4-diazabutanal produced to RDX degraded was about 0.8 for all four bacterial strains, indicating that 1 mol of this metabolite was formed per mol of RDX consumed. This metabolite accumulated without being taken up by the cells and was produced in almost identical concentrations by all four bacteria.
Fatty acid patterns and 16S rRNA gene analysis indicate that strain KTR9 is a member of the genus Gordonia and that strain KTR4 is a member of the genus Williamsia. The genus Gordonia includes many species that degrade xenobiotics and environmental pollutants and is already considered potentially useful for bioremediation (2) . Bacteria in this genus also catalyze a wide range of enzymatic reactions that are being exploited for biotechnological applications. This ability may be due in part to the mycolic acid composition of their cell wall and their ability to produce biosurfactants. The genus Gordonia is distinguished from the genus Nocardia by an ability to reduce nitrate and by the absence of a true mycelium (2) . The enzyme S-triazine hydrolase from Gordonia rubropertincta (DSM 10347) can dechlorinate atrazine and deaminate melamine (14, 15) . Gordonia nitida LE31 degrades 3-methylpyridine and 3-ethylpyridine through formamide to produce formic acid and ammonia (28) . This pathway is similar to the proposed pathway for RDX biodegradation by Rhodococcus sp. strain DN22, which involves the production of formaldehyde and ammonia via formamide (19) .
Williamsia is a recently described genus that is very similar to the genus Gordonia. Both are members of the suborder Corynebacterineae, which also includes the genera Corynebacterium, Nocardia, and Rhodococcus. Williamsia is differentiated from Gordonia by its lack of signature nucleotides present in the family Gordoniaceae and differing chain lengths of mycolic acids (24) . Kämpfer et al. (24) also differentiated Williamsia and Gordonia by their tuberculostearic acid content, which is present at higher levels in Williamsia muralis (23%) than Gordonia strains that have been described. This is consistent with the present study, where the proposed Williamsia sp. KTR4 contains 20% of this fatty acid and Gordonia sp. KTR9 contains only 12%. Currently, only two isolates, Williamsia muralis (24) and Williamsia maris (36) , have been assigned to the genus. Strain KTR4 represents the first bacterial species within this genus to be isolated from soil. Despite its high sequence similarity to W. muralis, strain KTR4 produces pink colonies instead of yellow colonies (24) and thus could represent a new species of Williamsia.
In summary, strains KTR4 and KTR9 are novel bacterial strains that are capable of using RDX aerobically as a sole source of carbon and nitrogen for growth. RDX metabolites produced by these bacteria were limited to structurally simple compounds, (nitrite and formaldehyde) and the dead-end metabolite 4-nitro-2,4-diazabutanal. These simple products are similar to those produced by previously published RDX degraders. The lack of more-complex intermediates hinders the deduction of RDX biochemical degradation pathways and comparisons of these pathways to ones inferred for other RDX-degrading microorganisms. The ability of these strains to use the carbon from RDX for growth indicates that they have a C 1 pathway that the previously isolated strains lack because they are unable to use RDX as a source for both carbon and nitrogen. The two gram-positive strains described here are good models for studying nitrogen-nitrogen bondcleaving mechanisms and C 1 metabolism. They may prove useful for RDX bioremediation that does not require the addition 
